The testicular toxicities of two compound semiconductor materials, gallium arsenide (GaAs) and indium arsenide (InAs), and arsenic oxide (As 2 O 3 ) were examined in rats by repetitive intratracheal instillation of these substances in suspension twice a week, a total of 16 times. A single instillation dose was 7.7 mg/kg in the GaAs and the InAs groups and 1.3 mg/kg in the As 2 O 3 group. A significant decrease in sperm count and significant increase in the proportion of morphologically abnormal sperm were found in the epididymis in the GaAs group. Especially, abnormal sperm with a straight head increased markedly in this group. In the GaAstreated rats, there was 40-fold increase in the degenerating late elongated spermatids at the postspermiation stages, stages IX, XI, and XI. From these results, it is indicated that GaAs disturbed the spermatid head transformation at the late spermiogenic phases and caused spermiation failure. InAs caused a sperm count decrease in the epididymis, though its testicular toxicity was relatively weak compared with that of GaAs. As 2 O 3 , a probable dissolution arsenic product of GaAs and InAs in vivo, did not show any testicular toxicities in this study. It seems likely that, along with arsenics, gallium and indium play a role in the testicular toxicities Of GaAS and InAs.
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© 1996 Society of Toxicology Gallium arsenide (GaAs) has a superior property as a photon emitter and becomes extensively used for light-emitting diodes and semiconductor lasers for the optical data storage and playback system and the high-speed optical communication system. GaAs also has a distinct advantage in electronic speeds compared with silicon and is increasingly used for the satellite communication system and the ultrafast supercomputer. The GaAs-based semiconductor is now becoming one of the most important semiconductors. Indium arsenide (InAs) is also a representative of the III-V compound semiconductor materials. InAs has similar advantages to GaAs for electronic devices and is expected to be widely used in the future.
When GaAs is given to the experimental animals by an intratracheal instillation, GaAs damages the lung (Webb et al, 1984 (Webb et al, , 1986 (Webb et al, , 1987 and the immune systems (Sikolski et al, 1989; Burns et al, 1991; Burns and Munson, 1993) . Recently, we also found that the repetitive intratracheal instillation of GaAs decreased the sperm count and increased the proportion of abnormal sperm in the epididymis in rats (Omura et al, 1995) , though the effects of GaAs on spermatogenesis in the testis were not evaluated. GaAs and InAs dissociate in vivo, yielding inorganic arsenic (Webb et al, 1984 (Webb et al, , 1987 Yamauchi et al, 1992) . Inorganic arsenic was reported to cause a necrotic change in the testis in rats when it was administered intratesticularly or subcutaneously (Kamboj and Kar, 1964) . Therefore, it is possible that both GaAs and InAs affect the process of spermatogenesis in the testis and cause toxic changes in the sperm in the epididymis.
In this study, we administered GaAs, InAs, and arsenic oxide (As 2 O 3 ), a probable dissolution arsenic product of these substances, to rats by repetitive intratracheal instillation and examined the toxic effects of these substances on sperm and the testis. GaAs and InAs caused toxic effects on both sperm and the testis but As 2 O 3 did not show any male reproductive toxicities. It seems likely that, along with arsenics, gallium and indium play a role in the testicular toxicities of GaAs and InAs. From the results of this study, it is also indicated that GaAs disturbed the spermatid head transformation at the late spermiogenic phases and caused a failure of sperm release from the seminiferous epithelium.
METHODS
Test materials. GaAs and InAs were obtained from Mitsuwa Chemicals (Osaka, Japan) and had a purity of more than 99.9999%. These substances were pulverized finely in a planetary-type ball mill (Laboratory Pot Mill, Fritsch Co.. Ltd., Germany), and these powders were passed through a 400-mesh microsieve. These particles were measured with an image analyzer (COSMOZONE1SA. Nikon Co., Ltd., Tokyo, Japan) using scanning elec-tron microscopy (T-220, JEOL Ltd., Tokyo. Japan). The mean diameter for GaAs particles was 1.32 /xm, ag (geometric standard deviation): 1.76, and the mean diameter for InAs particles was 1.58 fim, <rg:2.15. GaAs and InAs powders were analyzed using an energy dispersive X-ray fluorescence element analyzer (MESA-500, Horiba, Ltd., Kyoto, Japan). GaAs powder contained 0.02% (wt%) of zirconium and a trace amount of yttrium, and InAs powder contained 0.01% of zirconium and 0.01% of yttrium They were probably mingled at the time of pulverization. As 2 O 3 (analytical grade) was purchased from Wako-Junyaku Co. (Osaka, Japan).
Animals. Thirty male Wistar rats were purchased at 5 weeks of age from Charles River Japan Inc. (Yokohama, Japan). They were acclimated to the animal facility for 7 weeks prior to the initiation of the experiment. The animals were housed three or four per cage in the SPF room of the Laboratory of Animal Experiments, Faculty of Medicine, Kyushu University. The light cycle was 12 hr:12 hr (light/dark), the temperature was 23-25°C, and the air humidity was 50-65%. The rats were provided with CE-2 (Clea Japan Inc., Tokyo, Japan) and tap water ad libitum.
Treatment. All rats. 12 weeks of age, a mean body weight of 378 g (354-412 g), were randomly distributed into four groups. Seven rats were assigned to the control group and the GaAs group, and eight rats were assigned to the InAs group and the As 2 O 3 group. The powder of each test material was suspended in a phosphate buffer solution (0.025 M, pH 6.9) and instilled into the trachea of rats anesthetized using ether. A single instillation dose was 7.7 mg/kg in the GaAs and the InAs groups and 1.3 mg/kg in the As 2 O 3 group. The control rats received the phosphate buffer solution only in the same manner. Intratracheal instillations were earned out twice a week, a total of 16 times. At first, we were planning to instill these substances twice a week, a total of 13 times because 6.5 weeks corresponded to 3.5 cycles of the seminiferous epithelium in Wistar rats (Russell et at., 1990) . The instillation doses of GaAs and As 2 O 3 were decided by dividing the single administration doses of GaAs (100 mg/kg) and As 2 O 3 (17 mg/kg) in the report of Webb et al. (1986) by 13. The dose of GaAs was adopted for the dose of InAs. However, it took 4.5 cycles of the seminiferous epithelium for spermatogonia to become mature spermatids (Amann, 1982) , and 3.5 cycles of the seminiferous epithelium as an administration period were insufficient to evaluate effects of these substances on spermatogenesis. Therefore we increased the number of times of instillation from 13 to 16 because 4.5 cycles of the seminiferous epithelium were almost 8 weeks in Wistar rats.
The rats were sacrificed using an overdose of ether within 24 hr after the final instillation and bilateral testes and epididymes were removed and weighed. This experiment was earned out under the control of the Guideline for Animal Experiment in Faculty of Medicine, Kyushu University and The Law (No. 105) and Notification (No. 6) of the Government.
Spermatid/sperm count. The left testis was decapsulated and the left epididymis was divided into two portions (head and body plus tail). Each part was homogenized in saline Triton merthiolate solution (STM solution: 17.5 g NaCl, 1 ml Triton X-100, and 0.2 g sodium ethylmercurithiosalicylate were dissolved in distilled water for 1 liter of STM solution) with a Waring blender (Polytron, Kinematica, Littau/Luzern, Switzerland). After that, homogenization-resistant spermatids or sperm were counted using a hemocytometer.
Morphological examination of the sperm. The tail of the right epididymis was opened by razor and the sperm were squeezed out into a tube containing 0.1 M sodium phosphate buffer (pH 7.2). After inverting the tubule gently, a smear was made on a glass slide and stained with Mayer's hematoxylin. For each smear, 1000 sperm were examined and the sperm with morphological abnormalities were counted. Morphologically abnormal sperm were classified as sperm with an immature head, sperm with a teratic head, and sperm without a tail. Immature sperm head and teratic sperm head were defined according to the classification of Mori et al. (1991) . Light microscopic examination. The right testis was fixed in Bouin's solution, embedded in paraffin, thinly sectioned, and stained with periodic acid Schiff reagent (PAS) and Mayer's hematoxylin.
Degenerating germ cells at each stage of the cycle of the seminiferous epithelium were examined with the light microscope. Stages of the cycle in rats were classified according to Russell et al. (1990) . Degenerating late elongated spermatids at stages IX, X, and XI were counted in all round or ovoid cross-sections of seminiferous tubules in one transverse section of the testis (18-50 cross-sections of the tubule). Nuclei of Sertoh cells were also counted. The count of degenerating elongated spermatids was expressed per tubule and per 100 Sertoh nuclei. In the statistical analysis of the count of degenerating spermatids, a mean value in one transverse section of the testis of the rat was treated as the representative value of that animal.
Statistical analysis. In the cases of the organ weight and sperm count, results were tested for statistical significance using Dunnett's multiple comparison test after a one-way analysis of variance. In the other cases, the Kruskall-Wallis test was first performed and Wilcoxon's rank sum test based on joint ranking was used for statistical analysis. The results were interpreted as significant below a level of 0.05. Table 1 shows absolute and relative weights of the testis and the epididymis. The testicular weight in the three test material groups was comparable with that in the control group. In the GaAs group, a 13% decrease in the relative weight of the epididymis was found compared with that in the control group, though this difference was not significant. In the InAs group and the As 2 O 3 group, the weight of the epididymis was comparable with that in the control group. Table 2 shows the counts of homogenization-resistant spermatids in the testis and sperm in the epididymis. These counts were expressed per organ (absolute count) and per gram of organ (relative count). The spermatid count in the testis in the three test material groups was comparable with that in the control group. Concerning the epididymal sperm count, significant reduction was found in the GaAs group and the InAs group. In the GaAs group, the absolute sperm count decreased 25% and the relative sperm count decreased 20% in the epididymis compared with those in the control group. Particularly, a marked sperm count reduction was found in the body plus tail of the epididymis (41% reduction). In the InAs group, the absolute sperm count of the whole epididymis did not decrease, but a 16% reduction was found in the absolute sperm count in the body plus tail of the epididymis. The epididymal sperm count also decreased in the As 2 O 3 group, though this decrease was not statistically significant. Table 3 shows the incidence of morphologically abnormal sperm: sperm with an immature head, sperm with a teratic head, and sperm without a tail. A marked increase was found in the GaAs group in abnormal sperm of all categories. In the sperm of the GaAs group, 14.3% had an immature head, 1.3% had a teratic head, and 4.1% were without a tail. These incidences were 40-, 21-, and 4-fold more than those in the control group. Most of the abnormal sperm with an immature head in the GaAs group were sperm with a straight head (Fig. lb) . Compared with a head of the normal rat sperm (Fig. la) , this type of abnormal sperm head is much less curved (the tangents to the caudal and apical extremities make an angle of almost 45° or less). Morphologically, the sperm with a straight head resembles the shape of early elongated spermatids (Clermont and Perey, 1957) . In the InAs group and the As 2 O 3 group, no significant increase was found in the incidences of morphologically abnormal sperm compared with those in the control group.
RESULTS
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No destructive histopathologic changes, such as sloughing of the seminiferous epithelium or multinuclear giant cell formation, were observed in the seminiferous tubules in the three test material groups. Concerning the degeneration of germ cells, a distinct increase was found in the degenerating late elongated spermatids at stages IX, X, and XI in the GaAs group. Figure 2 shows the seminiferous epithelia at stage IX in the control group (Fig. 2a) and the GaAs group (Fig. 2b) . Normally, late elongated spermatids have been Light micrograph of the sperm with a normal head in the control rat (a) and the sperm with a straight head in the GaAs-treated rat (b). The abnormal sperm head with a straight form is much less curved than the normal sperm head (the tangents to the caudal and apical extremities of a straight sperm head make an angle of almost 45° or less).
released from the seminiferous epithelium and this type of spermatid is not observed at this stage (Fig. 2a) , but in the GaAs group, some degenerating late elongated spermatids could be observed at the base of the seminiferous epithelium (Fig. 2b) . Table 4 shows the count of degenerating elongated spermatids at stages IX, X, and XI. In the GaAs group, the degenerating elongated spermatids at these stages increased 40-fold compared with those in the control group. The degeneration of other germ cells did not increase in the GaAs group. In the InAs group and the As 2 O 3 group, no significant increases were found in the degeneration of any type of germ cells. 
DISCUSSION
In our previous study, we reported that the repetitive intratracheal instillation of GaAs caused a sperm count decrease and the abnormal sperm increase in the epididymis in rats (Omura el al., 1995) . In this study, the degeneration of late elongated spermatids at stages IX, X, and XI was observed in the testis in the GaAs group, along with the toxic changes to sperm in the epididymis. From these results, we confirmed that the toxic changes in the epididymal sperm of GaAstreated rats were due to the toxic effect of GaAs on the seminiferous tubules in the testis.
In the histopathologic examination of the testis, a marked increase was found in the degenerating late elongated spermatids in the seminiferous tubules at the postspermiation stages, stages IX, X, and XI in the GaAs group. This histopathologic change means that there was some abnormality in late elongated spermatids at the spermiation stage, stage VIII, and that these spermatids could not be released from the seminiferous epithelium at this stage and degenerated at the subsequent stages. In addition, abnormal sperm with a straight head, which resembled the shape of early elongated spermatids, increased in the epididymis in the GaAs group. Possibly, this sperm head abnormality was due to the disturbance of the spermatid head transformation at the late spermiogenic phases. We speculate that GaAs disturbed the transformation of the elongated spermatid head and that because of this abnormality these spermatids were "judged" as abnormal and could not be released from the seminiferous epithelium at spermiation. In the GaAs group, the epididymal sperm count decreased significantly but the testicular spermatid count was comparable with that in the control group. Our hypothesis can explain this discrepancy clearly. The degeneration of spermatids did not increase at stages XII-XIV and I-VIII in the GaAs group in this study. This means that in spite of the head abnormality, abnormal spermatids did not degenerate before the spermiation stage. Therefore, the count of homogenization-resistant spermatids in the testis did not decrease in the GaAs group. However, these abnormal spermatids were not released into the tubular lumen and did not reach the epididymis. Thus, the sperm count in the epididymis decreased in this group. Ku et al. (1993) observed an increase in homogenizationresistant spermatid along with marked spermatid retention in the testis in the case of the testicular toxicity of boric acid. Such an increase in the testicular spermatid count was not observed in the GaAs group in this study. The number of homogenization-resistant spermatids [step 17-19 spermatids at stages IV-VIII (Sinha-Hikim and Swerdloff, 1993)] is more than a hundred per tubular cross-section. However, the number of retained spermatids was about five per tubular cross-section in the GaAs group. It is supposed that more spermatids had actually been retained in postspermiation stages because Sertoli cells promptly phagocytized degenerated germ cells and eliminated them. It is estimated that the number of retained spermatids before elimination at stages IX-XI was so few compared with that of homogenizationresistant spermatids at stages IV-VIII that the increase of testicular sperm count induced by retained spermatids could not be detected in the GaAs group in this study.
In the InAs group, the sperm count decreased in the body plus tail of the epididymis. This result indicates the testicular toxicity of InAs. In the InAs group, the sperm count decrease in the epididymis was less than that in the GaAs group and the incidences of morphologically abnormal sperm did not increase. No marked histopathologic changes were observed in the testis in the InAs-treated rats either. Therefore, the testicular toxicity of InAs is considered to be relatively weak compared with that of GaAs.
As 2 O 3 is possibly a dissolution arsenic product of GaAs (Webb et al., 1986) and InAs. However, As 2 O 3 did not show any toxic effects on sperm or the testis in this study. The dose of arsenics in the As 2 O 3 suspension was 1.0 mg/kg body wt and four times less than that in the GaAs suspension (4.0 mg/kg) and three times less than that in the InAs suspension (3.0 mg/kg). The serum concentration of total arsenics (inorganic arsenic + methylated arsenics) was GaAs group > As 2 O 3 group > InAs group. The serum total arsenics concentration of GaAs-treated rats was almost twice that of As 2 O 3 -treated rats, though the serum total arsenic concentration of InAs-treated rats was less than half of that of As 2 O 3 -treated rats. In addition, we found a 10-to 20-fold higher molar concentration of gallium and indium than that of total arsenics in the GaAs-and InAs-treated rats (these data are now prepared for submission). We used bilateral testes and epididymes for evaluating the testicular toxicities and could not measure the concentrations of arsenics, gallium, and indium in these organs. However, comparing their serum concentrations, it seems likely that, along with arsenics, gallium and indium play a role in the testicular toxicities of GaAs and InAs. With regard to the testicular toxicities of gallium and indium, Colomina et al. (1993) reported that gallium nitrate did not show any male reproductive toxicities in mice by subcutaneous injection every other day for 14 days, and Chapin et al. (1995) reported that 18-day oral exposure of indium trichloride caused no adverse effects on male reproductive functions in mice. However, there were some differences in the experimental methods between their experiments and our experiment (e.g., the administration route, the administration period, and the animal species). We are now evaluating the testicular toxicities of other gallium compounds and indium compounds in rats by repetitive intratracheal instillation.
